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Alwtuicl
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I II oIdcI 10  dctc]l)lit]c  C.1ialltlc.1  s]mific  IiIlc cmfiicic]][s :IIId fo I]litliI]li7c  Co]ll])lic:ilio]]s  a s s o c i a t e d

lvi!ll  sccL)IIdaI  y cl K311ist  Iy, lIIC Icactio]l \\Ias sltdird o\vI lt’idc Jal III,cs of initial  IcaclaIIl
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lnlroduciion

III tllc lfist fcw yxws,  Ilictc  IIas  lmII  col]sidclab]c  intclcs[ in wactiol]s  thfil  pI ocxcd OVCI

COIIIJ)]CX  Jl(ltCJltial  CllCT~,~  SlllfkXX. IIcc.ausr  lonp,-]ivd collision Coln])lcxcs Iil~J’ ibI-lll ill tllcsc

)cactionsj  t h e  cx]wimm]tal  late  c.ocfficicllts  may sl~ow’  si[!,llificallt  pIcssu Ic dCl KVId CIICCS,

lqativc  tcln]matmc  dqmmlcwccs  (wllicl]  valy  wi[l)  lJIcssulu) ald ]Ilodwl dis(liblltiol]s  \vllid}

dC]Wll(l  011 tllC])l  CSSlll-cal](l  t(’]i-]pcltitlllc.

‘]’]Ic sc]f-Ic:\c,tjc)Ils  of  IIalop,cl) Inmoxidc ladicals alc inlucstinp,  cxaln])lcs  of  leaclio)w

wllicl] ]nocccd  via collision comj)lcxcs. Oftllc lCII lcactiolls  oftllc  type

X()-t x o - ) ]Ilo(hlc.ts

X()-1 Y()- > ]’)lodllcls

wllcIc  X,Y = l;, (;l, 111, l,tl~clc  alccxJ)cI  illlcI)t:ll  (Iataollfil’c(l:()-l l;(), (ll()-l  (:10, (:10-1 III(),

1]10-1 ]] Joall(i]  ()-t l o ) .  oftllcsc,t  l)c(:lo-1”  (;lorcactio]l,

(:10- I (:10- ‘4  >(;100(:]” (1)

(:10-1  (:lo- ‘ ‘ 31)-I 02) (:1? ( },, (?)

) (’l “1 (:100” (3)

) (:1 -1 ()(:10 (4)

is ~mlml)s tlm most COm])lcx  bemuse of tllc  multiplicity of channc]s  ]cadinp,  10 stab]c pducts,

‘1 ‘hc association (tcmmlccular-)  chamcls  fbrm (1100(11”  zmcl (:10(:10” via surfaces witl) cssclltially

110  potent ifil lmmicr. ‘ 1  ‘hc COI I cspondinf,  bi]no]cc.ulal  ]MoclLIct CIKNIIIC,l  S ]nocccxi  th]oup,b 100SC

tlal]sitiol]  s l a t e s  10  g i v e  C l  + C1O()  .211(1  (11 -1 O(I1O  across  sulfaccs  witl] a sip,nificailt  potm]tial

bar[im.  l;inally,  t h e  molcmlar  clilnitlation  clwfml  prodw.cs  (;l~ (]>;, 311) -1 ()? tllIoup,lI  a ti~,ht

ttausilion state mip,inatinp,  in the CIO(X~l  intcvmccliatc. IIccausc  of tllc complmi[y  of this

systmn,  the cx~mimcldal  dcsuiptiw  of the pressure and tcmpcvaturc  dcpcndcIIv.x  of the pIoduct

h tilwbinp,  Iatios is faI- flom c.omplctc.

‘1’hc (~10 + (110 rcac.t ion also plays an imporlanl  Io]c in atmospheric clmnish  y. (:1 a(mns,

wl]icll  aI c pIoduccd  hn  the ])llot(~cllclllical  dq,radatiol) of clIlo I ofltm ocahIIs, Icact wjt}) 03 to

produce [;10 Iadic.als from the rcaclicm,

c ]  -1 Oq ----- --> (:10 -1 (+

llldm  lm~ IIIal  stratosphu  ic cxmclitim]s,  tl]c s e l f - l c a c t i m l  o f  (:10 r a d i c a l s  cannot  compctc with

Icac.timls  s~dl  as

() -i (:10 - > (:1 -1 0?

ald



111’0  -~ C1O - > 111 “1 (:100

as an imporlanl rate-limiting step in tk cataly[ic  dcstmction  of 03. In  lhc hip,hly ]m[uI-bcd

cmditions  present in the polar stratos~duxc, IIowcvm, whclc catalytic  pmmsscs  olI the sulfaccs

of polar stlatosphcric  clouci padiclcs can Icsu]t ill the It-pal litiorlinp, of inol-g,anic  c.hloI  inc into

prcctominantly  active forms, the fhllowing  cycle Jnay play an iln]m [ant role ill 03 dcslruc.tic]n:

M
C]() -i C1O - > (:100(:1

C](mcl -1 hv ---- } Cl -1 (:100”

M
C1O() - ) (:1 -i ()?

Nc(: x)~ - } 30~

Si]lcc the C1O -1 C]() reaction is partially ralc-dctcrl~lillill~ in this cycle (the photolysis of

(~100C1 also plays a role), it is impm lant to ctctcrminc the tcmpcraturc  ancl pressure dc})cnclcnccs

of the rate cmfficicnts  under atmospheric conditions, l)ulinp, the (iay, photo]ysis  of (~loo(~l” is

much fimtcr than unimolccular clcc.oI]lJJc)sitioIl. llndm nif,htlimc conditiol~s, tl]c Icmoval  o f ’

(1100[11  isnmst likclydc)lllil~ atedllytllcrl~lal  ctccc)lilposiitcm  and kratc C)ftllis]lroccssIllLlst  be

known to calculate the partitioning bctwccm clllorillc-colltaiIlillg  spccics. lkxausc thcnnally

stabilid  CIOOC1 has at least three unimolcculat  decomposition c.hamcls  ((;10 -1 (:10, (;1 -1

(1100, Cl? -1 QJ, and these chamds  have cliffcrcnt  atmospheric conscqucmcs  unctcr  night[imc

conditions, it is also important to establish the thcnnal  dccom]msition  Jmmchinp,  I“atios  under

titmosphcric.  conditions.

‘]’hc (;10 -1 C1O reaction has been stucticd cxtcnsivcly  by direct and indirccl  mcthds  for

several ckcactcs.  llarly  work on the photolysis  of C12-03 mixtures “2 sup)gcstcct  the importance of

the (lo -+ C1O reaction in propagating, the chain clcstruction of 03. ‘1’hc first ctil-cct  studies of

reaction 1 dicl not come about until the dcvclopmcnt  of the flash ldmtolysis  tcchniquc ancl the

subsequent identification of the ultraviolet absorption spectrum of CI().314 Since these early

stuctics, rate coefficients for reaction 1 have been measured usinp, scvcl”al  kinetic tcchnicpm
5-8 discrharp,c  flow-ultlavio]ct absorption,including flash photolysis-ultravio]ct absorption, 9-11

ctischargc flow-mass spcctromctry 17 al)d  Inolcculal  lllocl~llatio~l-~lltrak’iolct  absorption, 13-18

Rate coefficients fm the tcrmdccular  component have been obtainecl by llasco  ad

] 7 Sander  Cf (//.7 and ‘J’rolicr c1 al. 8 ‘]’])c ]att~r  two stll(lics WCI-C Catl”jCd OLlt1 lunt,6  1 layman cl d.,

in the tcmpcraturc  range rdcvant  to the polal” str atosphmc  alict arc il~ rcascmab] y gcml agrccmcnt,
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although “1’rolicr  CI CJI. obsmwcd non-m-o intercepts in the rate cocfrlciemt falloffcurvcs w}~ich

wcrcnotobscrvcct  bySancicre/a/.

IIy comparison, the bimolecular channels arc poorly utdcrs[ooci.  Recent results for Ihc

overall bimolecular rate coefficient at 298 K (kz-1 k?+ k4) have ranp,cd over a factor of about four,

and there is only onc study of the tcmpcratarc  dcpcndcnc.e  of this piwamctcr.  ‘J’here arc no

temperature Cicpcncicnce  slmiies of the braachinp, ratios for the bimolecular channels. Stcaciy  -

statc photo]ysis studies of the chlorine-photoscnsitizcci ciccomposition  of omnc  have consistently

given values of about 6 for the quantum yicl(i for omnc  (icslruction in N2 bath [~as at 298 K,

implying a branching ratio of about 2 for the C]()() + (11 channel relative to the Cl? -I 0 2

channel 19 ‘1’here arc nc) time-rcsolvcci studies of the branching ratios in h4= N2 with which to

compare these results.

1 {equilibrium constants for the reaction

2C1O < M  > CIOOC1

have been measured by llasco an~i 1 lunt6 an(i (~ox and 1 )crwcnt’s  at room tcmpcraturc anti by

Cm and 1 layman 20 over the temperature range 233 - 303 K. “1’hcse results arc in rcasonab]c

agrccmcnt an(i lead to a calculatcci O-O bond (dissociation cncrg)’ of 17.3 kcal nml- 1 assumin[~,

(; I()()CI to bc the predominant form of the Clo (iimcr.

in this paper we present the results of an cxtcnsivc  stuciy  of the C]() + C10 rcactic)n with

the g,oal  of characterizing tbc rates and n~cchanism  of botb the binmlccular  and tcrmolccular

channc]sovcra  wicicrangc oftcmpcraturcanci  prcssurcusing  several ciiffcrcnl collision partners.

l{victcncc  is presented for the existence of a imp)-livcci C1OCCIZ complex which greatly enhances

the apparent rate of the recombination c}]annc].  Results arc also prcscntc(i  on the rate of thermal

ciccomposition  of C1OOCI.

]Cxpcrimcntal

‘l-he experiments described in t}~is  paper were carried out using t h e  flash

photolysishdtraviolet  absorption tccbniquc. ‘1’hc apparatus has been cicscribcci  in cictail

previously.21 ‘J’hc flash lanlp/rcaclc)r  is a unit consisting of four concentric l’yrcx tubes,

approximately 1 m long, comprising the reaction ccl] (1 in i.(i)), photolyzing  light filter, xenon

flash lamp and coolingfl~cating  jacket. ‘1’hc ccl] was operated in the continuously flmvins  mode,

with al 1 reagent and carrier gas flows being measured with calibrated mass flow meters. ‘J’hc

analytical light  source was a 150 W xenon arc lamp w}~ich was collimated and ‘coupled into the

reaction cell through R-pass White-type optics with external mirrors. “1’hc optical path length was

720 Cnl. ‘]’hc exit beam was transferred via a switching mirror to a 0.32 m fc)cal length

spectrograph (150 pm slit width, 0.18 nJn resolution) equipped with a 1024 channel optical



multichannel analyzer (OMA) for the cictcction of C1O and OC1O, or to a 0.5 m monochromator

(150 pm slit width, 0.13 nm resolution) and photomultiplicr for the detection of C10 and C120.

‘1’he photornultiplicr output  was amplified, low-pass filtered and digitized with a signal avcragcr

interfaced to a microcomputer.

in cxpcrimcnts which used the l~l~otolll~llti]~licr,  CIO radicals were monitored by their

absorption at the peak of the 12-0 ()= 3/2 subband  (A< X) at 275.5 nm. in the OMA

experiments, five vibrational bands (1 O-O, 11-O, 12-O, 13-0 and 14-O) were rnonitorc(i  over the

wavelength range 270 - 280 run. C)C1O was rnonitorcd  using the OMA over the wavelength

range 340-400 nm which encompassed seven vibrational bands [a(6), a(7), a(8), a(9), a( 10),

a( 11 ) and a(l 2)]. “I-hc OMA was normally operatccl in the time-rcsolvccl nlodc.2’  in this mmlc,

up to 500 sweeps could bc rccordcd  pcr flash with each sweep consisting of a 10?4 channel

spectrum with a minimum 16 rns avcrasing  time. in a few experiments, the OMA time

resolution was increased by operating the OMA with a reduced number of channels (200

channels, 4 ms resolution), which also rcduccd the spectral covcragc.  OCIO and C1O spectra

from the OMA were processed by first coadding  and converting to absorbance the spectra from 5

to 20 successive flashes. Spectra were convolved with a 7 point triangular kcrnc] to match the

exit slit function of the spectrograph. llccause of the formation and removal of spccics  such as

C120 and C100C1  which have slowly varying continuum absorption which overlap the spccics

of interest, it was ncccssary to eliminate time-varying baseline offsets. ‘J’his was accomplished

by subtracting from the smoothed spectrum a third-order polynomial obtained from a curve fit to

the spectrum. Absolute CIO and OCIO concentrations were obtained by fitting each observed

spectrum to calibrated literature spectra using  the conjugate gradient method. l;or these

experiments, the OMA was preferred over the PM”]’ bccausc  of several important advantages.

Because both C1O and OCIO have absorption spectra with distinguishing vibrational band

features, retrieval of these features provided a means to discriminate against time-varying

baseline shifts from continuum absorbers. ‘l’his was particularly important for the high

tcrnpcraturc  experiments with excess C120 because of the effect of chain C120 removal on the

CIO absorption baseline. ‘1’he second benefit stems from the OMA nmltip]cx advantage which

arises from the usc of 1024 separate detectors in the focal plane. l’his results in a signal-to-noise

ratio improvement of more than a factor of 10 over the photomultiplicr.  “l-he detection limit for

both C1O and OCIO using the OMA was about 2 x 1010 molecule cnl-3.

1 ;xpcrimcntal signals were converted to absorbance units using Ilccr’s 1.aw,
A=- Nol = -hI{I/lO}

where N is the species concentration, a is the absorption cross section and 1 is the pathlcngth. 1 ~

was dctcrmincd from the prc-flash signals for PM”]’ and OMA data recorded at higbcr

temperatures (T 2250  K). The signal as t+m was used as 10 for low tcmpcraturc  (’1’ <250 K)

6



PMT data. l;or I’MrI’ data collcctcd  at 275.5 nm, four spccics  (C1O, C120, C1OOC1, C12) have

significant absorption with the following absorption cross sections at 298 K: OCIO = 8.4 x 10-’8
C,*,2 21

‘3cl@  = 1.24 x 10-18 cn12,22 C JCIOOCI = 2,45 x 10-]8 cn12,23 and UC12 = 2.19 x 10-20

cn~2’24 ~’he measured absorption cross section of C](I s}~ows  a temperature depcndcncc,2  ]

however, the variation of crclo over the temperature range of the cxccss  chlorine atom

cxpcrimcnts  (260 K < ‘1’ s 400 K) is lCSS  than 7°/0 so no correction was made for this variation in

the fitting routine. At 195 K, the Iowcst tcmpcraturc of the excess C120 Ph4’1’ data, the CIO cross

section is extrapolated to bc 10.6 x 10-] 8 cn~2.

OMA rcfcrencc spectra were obtained by coadding  1000 spectra collected under

conditions which maximized either the C1O or OCIO signals. }:or C1O, 100 spectra at a time

resolution of 4 ms were collected immediately following the flash when the CIO concentration

was greatest. l’his cycle was repeated ten times to achic,vc  a total of 1000 averaged spectra. 1 ‘hc

absolute CIO concentration of the resulting spectrum was calculated by comparing the

absorbance difference between successive maxima and minima of the absorption spectrum to the

relative cross section differences of the same maxima and minima dctcrminccl  previously. 2] By

using relative cross sections between maxima and minima of the absorption spectrum instead of

absolute cross sections, possible errors caused by background absorption from C120, C12, or

CIOOC1 were rninirnizcd.  l;or OCIO, 1000 spectra were collected at a time resolution of 20 ms

beginning 5 seconds following the flash. ‘1’his allowed OC1O formation to reach a maximum.

‘]his rcfcrencc spectrum was converted to absolute concentration in the same manner as

dcscribcd  for C1O by comparison of the relative absorbanccs to the OCIO cross sections

25 Dccausc of the improved signal-to-noise of the OMA data whichmeasured by Wahner et al.

allowed the rate coefficients to bc determined rnorc precisely, the temperature depcndences of the

CIO and OCIO absorption cross sections were used when calculating the absolute concentration

of the rcfcrencc spcctrurn. For CIO, the expression used to calculate the cross section at a given

tcmpcrat urc was

OCIO(T) = 0CIO(298){ 1.011- 104.9/T+ 30330/’1’2}

where 0C10(298) == 8.4 x 10-]8 cn12 n~olecule-l  is the cross section at 275.5 nm. ~“his expression

was derived by fitting the C1O cross sections reported by Sander et al.2] versus 1/1’ to a quadratic

equation. The usc of a quadratic equation dependent on inverse temperature was somewhat

arbitrary and was chosen because it provided the best visual interpolation of the data. ]n the case

of OC1O, the expression was

‘OCYO~~)  = ~OCIO(296){  1.733- 0.00248”1 -}
where 00C10(296) = 1.275 x 10-17 cm2 nlolecule-l  is the cross section for the a(l 1 ) line. This

expression was derived by fitting the a(l 1 ) cross sections reported in ref. 26 versus temperature

to a straight line.

7



(5)

‘1’hc mechanism employed in the study of the CIO + C1O reaction used the photolysis of

C12-C120 mixtures at wavelengths longer  than 300 nm (Pyrex cutoff). III this system, C1O

radicals were formed by the reactions

cl~ + IN --—-.. -.-+ 2C]

c1 + C120 —+ C]o + cl~

and to a minor extent from the photolysis  of ClzO,

C120 + h\~ –~ c1 + Clo.

As discussed in the Results section, conditions for reaction 5 were employed such that

either Cl or C120 were present in excess. ]n either case, the production of C10 typically took

place on a time scale three to four orders of magnitude faster than its removal. The exception to

this condition occurred when 02 was used as the buffer gas. in this case, CIO was also formed

by the reactions

c] +- 02 –JL Cloo

c1 + Cloo — -) 2CI0.

whic}l occurred on a longer time scale. ~’his formation mechanism will be discussed below.

27 Residual chlorine from the synthesisC120 was prepared by the method of Cady. was

removed by distillation at -112 ‘C.. C120 was introduced into the flash photol  ysis cell by flowing

helium at 5 psia through a bubbler containing the pure liquid at -78 ‘C. lJltra-high purity

chlorine, helium, argon, nitrogen, oxygen, CI”4 and S];6 were used as received.

Results

The primary objectives of this work were to measure the rate coefficients for all of the

known bimolecular and tcrmolecular  channels of the C1O +- CIO reaction and to measure rate

coefficients for the unimolecular decomposition of C1OOCI to 2C1O over as wide a range of

pressure and temperature as possible. The major difficulty in determining channel-specific rate

parameters for the C1O self-reaction arises from the rapid regeneration of C1O from Cl and C1OO

radicals produced in reactions 3 and 4. in addition, at temperatures above about 250 K, the

thermal decomposition of C1OOC1 back to C1O plays a major role in determining the C1O time

dependence. These regeneration mechanisms complicate the kinetic analysis of both the primary

C1O decay and the formation of OCIO and have been a major source of uncertainty in previous

studies.

A4echanisrn. The complete set of reactions considered in the kinetic analysis is given in

‘l’able 1. l~or completeness, the mechanism cxplicitl  y considers all the known reactions that

8



involve CIC) formation and removal, reactions of C1OO, OCIO and C1OOCI and Cl termination.

I lowcver not all these reactions are important under all conditions. ‘1’hc stoichiometric and

temperature regimes in which individual reactions play an important role are indicated in Table 1.

Most of the rate coefficients were taken from the NASA kinetics data cvaluation26  including the

expressions for k.] and k-7 which were derived by combining the tabulated tcmpcraturc

dependent expressions for the reverse reactions and equilibrium constants. Flow through the cell

was also included in the mechanism and was modeled by a single exponential function with a

time constant, zflOW. l-he value of TflOW was in the range 0.1-0.01 s-1. ‘l-he effect of flow on the

observed signals was minimal as the residence time of reactants and products in the cell was

adjusted to bc 5-20 times longer than the time interval over which useful data was acquired.

l~or the experiments which employed excess Cl, it was necessary to estimate the time

dependence of the chlorine atom concentration. Cl loss can

react ion,

Cli cl> cl~

and also by C1O catalysis,

cl + Clo --–M+ cl~o

cl +“ CI’20 —--+ C12 + Clo

—.-— . .
M

Net: Cl+ Cl~ C12

l~or the latter mechanism, reaction 8 is the rate limiting step.

reaction has not been studied experimentally, an cstitnatc

occur by the direct recombination

(9)

(8)

(5)

Since the Cl + CIO recombination

of the low-pressure limiting rate

constant was made using the method dcvclopcd  by Trot.28 A value of 6 x 10-32 cmc n~olcculc-2

S-l was estimated at 298 K.

In order to minimize the complications arising from secondary chemistry, the reaction

was studied in three different regimes of initial reactant stoichiometry (C120:CI)  and

temperature. These regimes were 1 ) excess C120, 1 s 250 K, 2) excess Cl, 250 K < T <400 K

and, 3) excess C120,  250 K s Ts 400 K. The ranges of reactant concentrations for each of these

kinetic regimes is summarized in Table 11. The experimental conditions as well as the

mechanisms used in the analysis of data from the three regimes will be described in detail below.

For some of the reaction conditions employed, the rate equation for the C1O time

dependence did not have an analytical solution. In this case, rate coefficients were determined by

obtaining the best fits between experimental absorbance data and numerical solutions of the

reaction mechanism in which the rate coefficients were varied, Two separate computer codes

were used to obtain the fits. One employed the conjugate gradient method and was used for very

9



rapid evaluation of mechanisms of limited size. ‘1’hc

FACSIMII.E29 which allowed symbolic input of the

increased execution time.

Excess C120, low temperature (1’< 250 K). At

second code was the I larwcll program

reaction mechanism at the expense of

low tcmpcraturc  (“J’ < 250 K), the

dominant channel for C1O reaction is C1OOCI formation. Under these conditions, the rate of the

addition channel is at least a factor of 25 times faster than the sum of the bimolecular reaction

rates. The rate of C1O dimcr decomposition is also very slow; the 1/e lifetime of the dirncr is

greater than 20 s at T == 250 K. By neglecting the contributions from bimolecular reactions and

dirner  decomposition and assuming that reaction 5 is fast compared to the rate of dimcr

formation, the mechanism reduces to a simple second-order loss process for CIO, i.e.,

d[CIO]
= -k] [M]  [CIO]2

dt
1

=kl[M]t+ 1
i~lo] [Clo]o

The results of the experiments carried

(lo)

(11)

out under these conditions were reported in a

previous publication and will not be repeated here. Due to space limitations in the earlier paper,

it was not possible to give the measured values of kl in tabular form, Values of kl at each

pressure and temperature are therefore given in l’able 111 as WC]] as the parameters derived from

fitting these data to the fall-off expression given by l’roc.28

Excess  atomic chlorine, high temperature (250 K < 1’s 400 K). A set of experiments was

conducted under conditions such that photolysis  of C12 produced excess Cl over C120. To a first

approximation, Cl remained in large excess over the time scale of the C1O + CIO reaction, The

presence of excess Cl affects the reaction mechanism in three ways: first, Cl rapidly and

stoichiomctrically  converts all of the C120 to C1O. There can therefore be no secondary

regeneration of C1O by reaction 5. Second, Cl rapidly converts all of the CIOOC1  produced in

reaction 1 to C12 and C1OO (which rapidly decomposes to Cl +- 02), The net reaction is the Cl-

catal  yzcd recombination of C1O to C12,

Clo +- Clo A> Cloocl (1)

c1 + Cloocl ~ C12 + Cloo (6)

M
Cloo —+ cl + 02 (-7)

.—-— — —-

Net: C1O + C1O~ C12 + 02

10



Third, the OC1O produced in reaction 4 rapidly regenerates C1O by reaction with excess Cl

(reaction -4). Reaction 4 therefore does not contribute to the loss of CIO. With the rapid

removal of C120,  C1OOCI and OCIO by Cl, there is no secondary regeneration of C1O on the

time scale of the C1O +- CIO reaction. Under these conditions, the loss of C1O in the excess Cl

system is given by,
d[CIO]-.—. .— = -(kl[M] +  k2  + k3)[C10]2

dt
(12)

where CIO formation (reaction 5) is assumed to bc instantaneous relative to C1O loss and

transport out of the cell has been neglected. [C1O] should

the effective rate coefficient being given by

kob~ = k ~ [M] + k2 + k3.

follow  a second-order rate law with

Plots of kob~ vs. [M] should therefore be linear with slope k] and y-intercept k2 + k3.

When 02 was used as the bath gas, the time dependence of the CIO formation displayed a

slower secondary increase in addition to the rapid rise due to reaction 5. “l’his  secondary

formation of C1O was caused by the association reaction of chlorine atoms with oxygen to form

the chlorine peroxy radical followed by reaction with atomic ch]orinc  to form 00, i.e.,

cl+02a C l o o (7)

Cloo +- c1 -----+  2C1O (-3”)

The secondary CIO formation process could be readily modeled by including these reactions in

the mechanism used to fit the data. Because the formation of CIO from reaction -3” was much

faster than its removal by the CIO + CIO reactions, there was no impact on the uncertainty of the

derived rate constants.

It was found that C1O temporal decay profiles could not be fit precisely by a second-order

rate law. This was due to a partial breakdown of the excess chlorine atom assumption at long

reaction titnes duc to direct Cl recombination (reaction 9) and ClO-catalyzed recombination

(reactions 8 and 5). Under these conditions, additional terms must be included in the CIO rate

equation accounting for regeneration from dimer decomposition (reaction -1) and the reaction of

Cl with OC1O (reaction -4). Mechanism simulations indicate that the contribution from dirner

decomposition dominates especially at high temperature and pressure (CIOOCI decomposition

increases by over four orders of magnitude between T = 260 K and T == 400 K26, while the rate

of dimer formation decreases by a factor of only three.) Gas flow out of the reaction cell also

made a small contribution to the C1O loss rate.

Because of these additional complications, the C1O rate equation does not have an

analytical solution. Rate coefficients were determined using FACSIMILE to fit single-

wavelength (275.5 nm) absorbance data from the PMT to the time-dependent absorbance change

calculated by the model using the reaction mechanism in Table 1 and absorption cross sections in

11



l’able II. The calculated absorbance change at this wavelength is primarily due to CIO but

includes minor (<1 OYO) contributions from CIOOC1, C120 and C12. In fitting the observed

absorbance curves, rate coefficients for the termolecular component (k 1 ), two of the bimolecular

components (k2, k3), the Cl +- CIO + M reaction (kg) and flow through the cell (~flOW) were varied

while all other rate coefficients were held fixed. ‘l’he rate coefficient for the Cl + OC1O product

channel (k4) was initially fixed at 2 x 10-] 5 cm3 molecule” 1 s-1 to rcducc  the number of degrees

of freedom. Because OC1O is rapidly recycled, the fits were insensitive to large variations in k4

as expected. Since k8 controls the chlorine atom recombination and its value has not been

directly measured, it was treated as a variable parameter. The final value of k8 produced in the

fits was typically within t50% of the estimate using I’roe’s method. ~’he value of tflOW derived

in the fitting procedure was typically MO. 1 s-’ which compares favorably with the cell residence

time of-1 5 s.

The values of k ], k2 and k3 which resulted from the fitting procedure were not unique,

but were dependent on the initial guess for each parameter. I lowever,  the sum of the rate

coefficients for all C1O loss terms, ktot == k] [M] + k2 + k3, converged to a unique value  regardless

of the initial parameter guesses for these parameters. By including the effects of chlorine atom

recombination and reagent flow, the computed values of ktot (= k] [M + k2 -+ ks) differed by

about 15°/0 from the results using the analytic second-order rate expression, but the correction

was as large as 400/0 for some runs. Figure  1 shows a typical C1O absorbance signal with the

corresponding fits using the full mechanism (Figure 1a) and a second-order rate law (I~igure  1 b).

The visual difference between the two fits is slight with the difference best seen in the somewhat

greater variation of the residuals for the fit to a second-order rate law.’ The computational

difference is more apparent--the sum of the squared’ residuals is 35% greater for the second-order

rate law fit compared to the full mechanism fit.

As indicated in the preceding discussion, plots of ktot  VS. [M] should be linear with the

slope and y-intercept corresponding to k I and k2 + k3, respective y. An example of such a plot is

given in Figure 2 for M R N2. While all the data plots are linear, a dependence of the intercept

on [C12] is observed. Because C12 photolysis  was used as the chlorine atom source and the

fractional dissociation of C12 is low (-0.2%), high C12 concentrations (5 -18 x 1016 molecule

cm-3) were necessary to produce a large excess of chlorine atoms. A likely explanation for the

[C12] dependence is the varying contribution of C12 to the overall collisional  efficiency of the

bath gas. The effective reaction is

Clo + Clo + C12 ——————+ Cioocl  +“ C12 (1’)
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although the energy transfer from vibrational 1 y excited C1OOCI  is probably catalyzed by a stable

complex, as discussed below. With the third body effect of C12 included, the expression for ktot

is given by

ktot = k] [M] + k2 + k3 +- kl’[C12]

where k I‘ is the terrnolecular rate coefficient with M = C12. Because reactions 1 and 1‘ both

produce CIOOC1, the fitting routine cannot differentiate bctwccn  the two processes and lumps all

the dimer formation processes into reaction 1. The individual rate coefficients can be extracted

from kto[ by first plotting ktot vs. [M] which has a slope of k] and a y-intercept of k2 +- k3 +

k ~’[C12]. A plot of this y-intercept vs. [C12] will have a slope of k 1‘ and a y-intercept of k2 + k3.

C1O loss data were collected at temperatures ranging from 260-390 K, pressures ranging

from 50-700 Torr and [C12] ranging from 5-18 x 1016 molecule cm-3. A plot of ktot VS. [N2]

for a number of C12 concentrations at T = 350 K is shown in Figure  2, and a plot of the resulting

y-intercepts vs. [C12] is shown in Figure 3. The calculated value of k] at a given temperature was

obtained by averaging the slopes for all plots of ktot vs. [N2] such as Figure 2. An Arrhenius  plot

of kl ,Nz over the range T = 195-390 K is shown in Figure 4a in which dimer formation rate

coefficients from both low temperature/excess C120 and high temperature/excess Cl experiments

arc included. The temperature dependence expressed in Arrhenius form is k I ,N2(~’)  = (1 .221

‘2 s-’ An alternate expression for the temperatureO. Is).x 10-33 exp{(833  f 34)/T} cm6 molecule .

dependence, in which the data is plotted in log-log form shown in Figure 4b, is kl,Nz(T)  = (2.07

‘2 -] l)imer  formation rate coefficients withf 0.09) x 10-32 {T/300 }-(301 ~ 0“20) cm6 molecule S .

N2 as a third body are summarized in Table IV. Table V summarizes the y-intercepts of the plots

of ktot  vs. ~2] as a function of [C12], Figure 5 shows the sum of the bimolecular rate

coefficients, k2 +- k3, in Arrhenius form. The sum is expressed as (k2 + k3)(T) = (1 .78 * O. 19) x

10-11 exp{-(2150 * 450)/T} cm3 molecule-’ S-l.

The efficiency of dimer formation as a function of bath gas was studied at 300 K. Plots

of ktot vs. [M] for M = He, Ar, N2, 02, CF4 and SF6 are shown in Figure 6. As discussed above,

the slopes of each plot give k] ,M. The values of k] ,CIZ(T) were determined from the slopes of the

plot of k2 + k3 + k] ‘[C12] vs. [C12] (see Figure 3) at each temperature. The results for each bath

gas at 300 K as well as the variation of k 1,Clz as a function of temperature are summarized in

~’able VI.

Excess CY20, high ternperature(  250 K 5 T s 400 K). A series of experiments was

conducted over the temperature range 250-400 K using excess C120 over Cl. 1x1 these

experiments, both C1O and OC1O were monitored. As with the excess C120 experiments at

temperatures below 250 K, the chlorine atoms initially formed from C12 photolysis are rapidly

converted to C1O. Above 250 K, the C1O + C1O bimolecular channels contribute to the formation

and removal of C1O. Reaction 3 produces two Cl atoms; one from the direct bimolecular
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reaction and another from the rapid thermal decomposition of C1OO (reaction -7). These Cl

atoms will be quickly titrated by C120 (reaction 5) to regenerate C1O. The overall result of

reaction 3 is no net loss of CIO. Similarly, the Cl atom produced in reaction 4 regenerates one

C1O molecule. The effect of Cl + CIOOC1 (reaction 6) on the C1O kinetics is also negligible.

Ivcn though the rate coefficient of reaction 6 is comparable to the titration step (reaction 5),

kinetic simulations using the full reaction mechanism indicate that the maximum concentration

of CIOOCI produced is approximately 200 times less than the C120 concentration, and thus

CIOOC1 cannot compete with C120 for the removal of Cl. Thus, neglecting the effect of C1OOCI

decomposition, the observed second-order rate coefficient for C1O loss from the bimolecular

channels is given by

kob~ = k2 +- %k4.

The time dependence of the OCIO product also provides kinetic information. Neglecting C1OOC1

decomposition, the OCIO time dependence is given by

Under these conditions, a plot of 1 /[ OCIO] vs. 1 h has a slope of (%k4[C10]02)-1 and an intercept

of 2(k2+ ‘%k4)/(’/zk4[C10  ]O). B y monitoring OC1O, k2 and k4 can therefore be determined

individually, and the values of k2 + Yzk4 derived separately from the CIO and OC1O data can be

checked for consistency.

A significant complication is posed by the effect of CIOOC1 decomposition. Above 250

K, C1OOCI decomposition cannot be neglected and at temperatures above 300 K, C1OOC1

approaches equilibrium with CIO on a time scale comparable to the loss of C1O by the

bimolecular channels. The resulting rate equation for C1O is
d[CIO]

=  -(k JM] + k2  +  :k4)[C10]2  +  2k-1[M][C1202] (13)
dt

Since this equation does not have an analytical solution, FACSIMILE was used to analyze both

the CIO and OC1O kinetic data. The mechanism for conditions of excess C120 consisted of

reactions 1, -1, 2, 4, 5 and flow through the cell. ‘Ile use of this relatively small subset of the

reactions in l’able  I was possible because the combination of the large excess of C120 and the

large rate coefficient for reaction 5 precluded the scavenging of Cl by any species other than

C120, a fact that was verified using simulations. Initially, the objective was to determine the rate

coefficients for the bimolecular reactions, k2 and k4. The procedure that was employed was to fix

the rate coefficients that determined the 2C1O-C1OOC1 equilibrium (k l and k-l). The mechanism

used values of k l determined in the excess Cl experiments and, as a starting point, values of k- 1
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were used as inferred from the cqui Ii brium constant measurements of Cox and Hayman. 20 In the

fitting procedure, the values of k2, k4 and ~flOW were varied.

Another complication in the data analysis for the excess C120 experiments above 250 K

arises due to changes in the absorption baseline (l.) caused by removal of C120 during the

reaction. Both reactions 3 and 4 produce Cl which catalyze the removal of C120. Although

reaction 3 is a propagation step and does not result in the loss of CIO, the effect on the baseline

change is non-negligible since the chain length for C120 removal is about 6. The changing

baseline introduces an ambiguity in the measurement of C1O in the PM-l’ experiments in which

CIO is monitored at a single wavelength. In attempting to fit the single wavelength data without

reaction 5, the routine became non-deterministic because there is insufficient information to fit

the decay curves without prior knowledge of the C120 removal rate. in the excess C120

experiments below 250 K, the effect of the baseline shift due to changes in C120 is negligible

bccausc reactions 3 and 4 become very slow, however, a small analytic correction due to residual

absorption of C1OOCI was required, as discussed above.

The remedy for this problem was the use of an OMA for data acquisition in which a

portion of the absorption spectrum of either CIO or OCIO was collected as a function of time.

The time-dependent spectra were compared to a reference spectrum of known concentration to

determine directly the concentrations of each species. Decause this is a differential absorption

technique, the artifact associated with the baseline change is eliminated. An example of an OCIO

signal and the associated fit are shown in Figure 7. The inset of Figure 7 displays a typical OC1O

spectrum from a single scan of the OMA fit to the reference spectrum. Because of the multiplex

advantage of the OMA and the resulting high signal-to-noise-ratio, it was possible to obtain fits

for k2 and k4 with very good precision. The temperature dependent rate coefficients are

displayed in Arrhenius form in Figure  5, and the data arc summarized in Table VII. The rate

coefficient expressions for each bimolecular channel are k2(T) = (1 .01 * O. 12) x 10-12 exp{-

(1 590* 100)/T} cn~3 molecule‘] s-’ and k4(T) = (3.50 t 0.31) x 10-11 exp{-(1370 ~ 150)/T} cm3

n~olccule-l  S-l. With k2 determined under conditions of excess C120, and k2 +- k3 determined

under conditions of excess Cl, the rate coefficient expression for k3 was calculated from the

difference between these expressions. This resulted in k3(T)  = (2.98 i 0.68)  x 10-1’ exp{-(2450

i- 330)/T} cm3 molecule -] S-l.

C1O removal also was monitored using the OMA at 340 K and 370 K in order to check

the consistency of the bimolecular rate coefficients determined by monitoring C1O with those

measured above while monitoring OCIO formation. The reaction mechanism consisted of

reactions 1, -1, 2, 5 and flow with k2 and ~flOW as varied parameters and k ], k-l and k5 held fixed.

In this case, the value of k2 derived in the fitting routine is actually a measure of the total rate of

C1O termination by the bimolecular channels and is equivalent to k2 +- %k4. Reaction 4 was
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excluded because the C1O data provide no direct information on the 000 yield. A typical C1O

signal and the corresponding fit are shown in Figure 8 with the inset illustrating a fit of the C1O

reference spectrum to the. OMA data. The values derived for k2 + !4k4 are given in the last

column of Table VII. For comparison, values of k2 + 1Yzk4 from the OCIO data arc also shown.

The agreement is better than 10’XO,

The activation energy of the OC1O + Cl channel determined in this study is Ea = 2.72 :E

O 30 kcal mol  - ]. This value, combined with the activation energy of the reverse reactionzb  (Ea ‘=. .

-0.32 kcal me]- 1 ), gives an entha]py  of reaction 4 of AI 1° = 3.04 kcal mol- 1. The enthalpy of

formation of OCIO calculated from this result is AH0f,oclo(298) == 22.6 f 0.3 kcal mol- ] which

compares favorably with the most recent value reported in the JANAF tables30 of

“ In addition, the value of AH0

foc10(298) derived fromA13°f,oclo(298)  = 23.2 f 1.9 kcal mol .

this work has a significantly smaller uncertainty.

l’he experiments carried out above 250 K with excess C120 provided a means to

determine rate coefficients for the unimo]ecular  decomposition of CIOOC1. Above 250 K, it was

possible to choose a diluent  gas pressure above which the time scale for the equilibrium

2CI0  <4 Cloocl

was much faster than the time scale for C1O termination by the bimolecular channels. ‘Ile C1O

decay in Figure 8 illustrates this separation of time scales for an experiment carried out at a

temperature of 300 K and a total pressure of 200 Torr of N2. The initial steep drop in CIC)

concentration is due to the establishment of the equilibrium between C1O and C1OOC1, and the

subsequent slow decay is due to bimolecular termination. The temporal regirncs for these

processes are clearly separable. This is also important in the determination of the rate

coefficients for reactions 1-4 described above, The fitting routines for each stoichiomctric  case

were quite insensitive to the precise value of k-1, so errors in this parameter had no significant

effect on the derived rate coefficient expressions for k 1, k2, k3 and k4. The temperature

dependent expression for k-1 inferred from the data of Cox and Hayman20  was used in these

mechanisms.

By using the measured values  of k], k2 and k4, improved values of k-1 could be

determined by monitoring the loss of C1O, under conditions of low temperature and pressure

where the contribution from the bimolecular channels is small and the establishment of

equilibrium between C1O and C1OOC1 occurs on a time scale consistent with the data acquisition

time, The C1O signal was monitored with the OMA over a temperature range of 260-310 K and

a pressure range of 25-300 Torr. Signals were fit to a simplified mechanism which consisted of

reactions 1, -1, 2, 5 and flow through the cell. The value of k l was determined from the rate

coefficient expression reported in this paper. As previously mentioned when monitoring CIC)
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loss under conditions of excess C120, kz represents the sum of reaction 2 and one half of reaction

4, so the value used in the fits was given by k2 + %k4. k. 1 was the only parameter varied in the

fitting routine with the results given in Table VIII.

The C1O-C1OOC1 equilibrium constant as a function of temperature was calculated from

the measured values of k 1 and k-l. Values of KP(T) are summarized in Table VIII, and a van’t

Hoff plot of ln[Kp] vs. T-l is shown in Figure 9. The cnthalpy  of reaction 1 calculated from the

slope  ofthc van’t Hoff plot is AHO = -19.5 f 0.7 kcal mol-l, and the entropy change derived from
- ] This 2nd I,aw analysis resulted in a heat ofthe y-intercept is ASO = -41.4 t 2.4 cal mol- 1 K .

formation of C1OOCI of AH0f,clooCl(298)  = 28.9* 0.7 kcal mol-] and SOcloocl  = 67.2 f 2.4 cal

mol-l K-l.

The thermochemistry of the CIOOCI  intermediate may also be determined from the 3rd

I.aw. LJsing standard statistical mechanical formulas, the entropy of C1OOC1 was calculated

using vibrational frequencies of 752.6, 649.9, 560, 440, 320 and 127 cm-1, and rotational

moments of inertia of 1A = 6.4209415 x 10 -39 g cn~2, IR = 35.306628 x 10-39 g cn~2 and Ic ‘=
2 The values  of 752.6 and 649.9 cnl-* were determined from matrix39.722506 x 10-39 g cm .

3* these features correspond well to features observed by 13urkholdcr c! al.23isolated IR spectra;
-1 The transition at 127 cm-] wasat 753 and 653 cm-’ who also observed a feature at 560 cm .

32 The transitions at 440 and 320 cm-] were taken fromestimated from the microwave spectrum.

the calculations of Rendcll  and l.ec. 33 Variation of these values by uncertainties consistent with

the discrepancies within the literature has a maximum effect of -1.0 cal x-no]- 1 K-] on the

calculated CIOOC1 entropy. Rotational constants used were those of Birk et aI. 31 T h i s

calculation yielded SO

cloocl = 72.2 i- 1.0 cal nlol- 1 K-1. The average enthalpy  of reaction 1

calculated by this method was AHO = -18.1 f 0.2 kcal mol-], resulting in a CIOOCI heat of

formation of AH0f,cloocl(298)  = 30.5 f 0.2 kcal rnol- ‘. The expression for the equilibrium

constant obtained using this method is Keq(T) = (1 .24 * O. 18) x 10-27 cxp{(8820  t 440)/T} cm3

molecule-l This compares to the current NASA evaluation of Kcq(T) = 3,0 x 10-27 cxp{(8450  :L

‘1 26 Using equilibriutil  constant values computed from the above850)/T) cm3 molecule .

equation, the temperature dependence for k-1 consistent with the 3rd Law anal ysis and the rate of

dimer formation is given by, k-l(T)= (9.81 * 1.32)x 10-7 cxp{-(7980  * 320)/’1’} cn~3 molecule-l

s-?

The difference between the C1OOC1 entropies calculated from statistical mechanics and

the 2nd Law analysis (5.0 cal mol- 1 K-]) is not unusually large34 but cannot be resolved by

invoking the maximum error bounds of all parameters used in each determination. In the 3rd

I,aw analysis, the vibrational frequencies of CIOOC1 are the most uncertain input parameters, but

the vibrational contribution to the total entropy is small compared to the translational and

rotational contributions, and so varying the frequencies by the maximum possible errors has littl  c
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effect on the calculated entropy. Similarly, the experimental data used in the van’t 1 loff plot of

Figure 9 is sufficiently precise that the error bound on the y-intercept is only t2.4 entropy units.

Since the entropy of C1OOC1 is constrained reasonably well by the available spectroscopic data

and the entropy change obtained from the van’t 1 loff equation involves a long extrapolation,

enthalpy  change derived from the 3rd l,aw analysis is considered to be the preferred method.

Discussion

the

Uncertainties and .~erzsilivities. The methods used to abstract rate coefficient information

from the actual experimental data involved a number of assumptions about the relative

importance of the elementary reactions in the mechanism outlined in Table I and a significant

amount of numerical manipulation of the raw data, In order to have confidence in the derived

rate coefficient expressions, it is necessary to understand the sensitivity of the calculated rate

coefficient values to these assumptions and the uncertainties introduced by the numerical

analysis procedure.

Under conditions of excess atomic chlorine, the mechanism employed in the fitting

routine was comprised of 15 elementary reactions. ‘l’he value derived from the data under these

conditions was the total rate of C1O loss given by ktot = k 1 [M] -t k2 + k3. Figure 10 illustrates

the effect of uncertainties in the rate coefficients held fixed in the fitting procedure on ktot,  and

the sensitivity of the mechanism to variations in those rate coefficients. The percent change in

the calculated value of ktot  was determined by performing fits of the data to the reaction

mechanism, as was done in the preceding section to determine k 1 ,JQz and k2 + k3, where the input

value of each rate coefficient held fixed in the procedure was individually varied by its reported

uncertainty. Figure 10 indicates the magnitude of the possible errors introduced into the

calculated ktot from the uncertainty of the rate coefficients used in the fitting procedure, As can

bc seen, the uncertainties of the known rate coefficients have little effect on the derived value of

ktot, the greatest change being only -0.6°/0 of the fitted value of ktot. For example, the reported

value of k.7 has an uncertainty factor of 3, yet varying the value of k-7 in the fitting routine by +-/-

this uncertainty produces a change in ktot of only -O.4’%O and -0.6’Yo, respectively. Thus, the

mechanism used in determining ktot  is quite insensitive to the exact value of k-7. l’he same is

true of all the rate coefficients. Uncertainty factors for each rate coefficient arc included in

parentheses in Figure 10. The overall effect of uncertainties in the input parameters for the

fitting procedure on the determination of ktot  is very small so that the error bounds reported for

k] and k3 are an indication of the precision of the data, and are not introduced by the process of

fitting the data to the reaction mechanism.

Examination of Figures 3 and 4 gives an indication of the source of scatter in the analysis

procedure, particularly for the bimolecular rate coefficients measured under excess Cl conditions.
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The process required to abstract individual rate cocfticicnts from Iqot involved fitting the data up

to three times with each successive fit being dependent on the previous results. l’he values

derived for k2 + k3 and kl ,Clz are dependent on the y-intercepts of plots such as Figure 2,

Uncertainties associated with the y-intercept of plots of ktot vs. [N2] will be propagated through

to the values derived from plots of the y-intercept vs. [C12].  Additionally, it was not possible to

reduce the concentration of C12 to values near zero and still maintain an excess of Cl atoms over

C120, thus making it necessary to extrapolate over a fairly wide region with no data points in

order to obtain the value of k2 + k3 in plots  of the y-intercept vs. [C12].  ~’he uncertainties

associated with these assumptions are reflected in the large error bounds for k2 + k3 in I;igure 5.

The resulting rate coefficient expressions arc kl ,~z(T) = (1.22 2 0,15) x 10-33 exp{(833  i 34)/T}

cn16 nlolccule-2  s-] or, alternately, kl,Nz(T) = (2.07 + ().()9) x 10-32 {T/300 }-3”0’” i 0“ 20 cn16

nlolccule-2  S-l and k3(T) = (2.98 * 0.68) x 10-11 cxp{-(2450  f 450)/T}  cn13 molecule-1 s-’ where

the error bounds are an indication of the precision of least-squares fits to the respective Arrhcnius

plots.

A similar analysis of the data under conditions of excess C120 is shown in l~igure 11 for

the determination of k2 and k4. In this case, the dimensionality  of the mechanism was reduced to

six elementary reaction. As in the excess chlorine atom case, uncertainties in the rates of the

titration reaction (k5) and flow through the ccl] were not considered. The error bounds used for

the rate coefficient of dimer formation were determined from the least-squares fits of Figure  4a.

The uncertainties in k2 and k4 introduced by the data fitting procedure are greater than those of

ktot determined under excess chlorine atom conditions with maximum deviation from the fitted

values of 110/0 for k2 and 9°/0 for k4, 1 ]owever,  these values are less than the uncertainties

derived from a least-squares fit of the Arrhenius plots. Because the values of k2 and k4 were

determined directly from the FACSIMII.E  fitting routine, the uncertainties in these parameters

are much smaller than those of k3. This is evident in the respective plots of Figure 5. The error

bounds derived from the precision of the least-squares fits are tl 8’% for k2 and t30% for k4.

~’bus, the largest uncertainty in the values of k2 and k4 arises from the statistics of the Arrhcnius

plots and not from the kinetics anal ysis proccdurc  of fitting the data to the reaction mechanism.

The error bounds are given by k2(T) = (1 .01 ~ 0.12) x 10-12 cxp{-(1 590 + 100)/T} cn~3

n~oleculc-l  S-l and k4(T) = (3.50 3 0.31)  x 10-13 exp{-(1 370 t 150)/T} cm3 molecule-l S-l where

the error bounds are a measure of the precision only.

For the determination of the rate coefficient of C1OOCI thermal decomposition, the errors

introduced in the fitted value of k- 1 are shown in Figure 12 for the two parameters used as input

in the fitting routine. Error bounds for k 1 and k2 + %k4 were those determined in the above

analysis. The resulting uncertainty in’ k-l is 14% from k] and 12% from k2 + %k4. This is

approximate] y equal to the uncertainty determined from the precision of a plot of In[k- 1 ] vs. 1 /’1’.
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I’hc error bounds are cxprcsscd  as k.,(T) = (1 .26 * O. 17) x 10-5 exp{-(8700  * 340)/T} cm3

-1 -1molecule s .

C1O association rate constant (low-pressure limit). The temperature dependence of the

rate constant for CIO association (reaction 1 ) in the low-pressure limit has been measured

previously over limited temperature ranges. I layman et al. ] 7
reported a value of k] ,NZ(T) == (6.0

f 0.37) x 10-32 {7’/300}-2.1 ~ 0.7 cmb molecule-2 S-l measured over the range 1’ =- 268-338 K.

“1’rolier et al.8 reported a value  of kl,Nz(rl’) = (1 .34 f 0.09) x 10 -32 { 1 ’ / 3 0 0 } -39 ~ 0“ 3 Cmb

molecule -2 s-1 measured over the range 3’ = 200-263 K. Sander  et al.,7 whose data arc included

as the low temperature results reported in this study, derived the expression k 1 ,N2(’1’) = (1.8 3. 0.5)
x ] ()-32 {’]’/300}-3.6” ~ 1.0 cmb molecule-2 s-1 based on the data taken over the temperature range

195 -247 K. The C1O association rate coefficient measured in the present experiments is in

relatively good agreement with these values, although the temperature dcpcndcncc  is not as

strong as that reported by Tro]ier et al. and Sander et (JI. “1’hc temperature over which

measurements were taken for each of these previous studies was limited to a range of

approximately 60 K. In the present results, which include the data published by Sander et al., the

temperature regime ranged from 195 to 390 K and encompassed the individual ranges covered by

all of the previous studies. The values of kl ,N$T), shown in l:igurc  4a, display good linearity

over the entire temperature range when plotted in Arrhenius form. 1 Iowever,  when plotted as

ln[kl ] vs. ln[T/300], as was done in the previous studies, shown in I:igure 4b, the data exhibit a

systematic departure from linearity. This is most apparent at the temperature extremes of Figure

4b. The data at the lowest and highest temperatures lie above the fitted line, and the data at mid

temperatures lie below the fitted line. This is in contrast to the Arrhenius plot of Figure 4a in

which the scatter of the data points about the fitted line is more random. ‘l-he data of l~igure  4b

would best be fit by a curve with a slope that decreases as temperature increases. This is an

indication that a log-log analysis does not describe the data as accurately as the Arrhenius form.

This explains the stronger temperature depcndcncc  seen earlier--when only the data at low

temperature are analyzed using a log-log form, the apparent slope of’ the plot is stccpcr than

would be seen for experiments which extend over a wider temperature range.

Because of the relatively large temperature clcpendcncc  of k 1 in the low-pressure limit,

falloff  behavior for reaction 1 is observable only at temperatures below about 250 K. Sander ct
al. 7 obtained a high-pressure limiting rate constant of k 1,~(T) = (6 f 2) x 10-12 (1’/300)0~- 1 cm3

molecule-l S-l when fitting the falloff data with a broadening factor (Fc) of 0.6 (SCC Table 111).

Trolier et al.8 obtained a value of (4.8 * 0.5) x 10-12 cm3 n~oleculc-l  S-l (independent of
temperature) for k],~  when their data were fit neglecting the bimolecular intercept.

The dependence of kl on bath gas (see Figure 6 and ‘l’able Vl) follows the expected trend

for third body quenching efficiency with the exception of 02 and C12. Previous studies of the
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chlorine-photosensitized decomposition of 0~ have reported that 02 reduces the quantum yield

for Oq destruction, Ooj, relative to the same cxpcrimcnts  carried out in N2. in the studies of Lin

“]9 the 1’= 298 K, @OJ was 6 in N2 w}~ilc  a value of 4 was obtained in 02. At 1’ == 240 K,Ct al.,

the results were identical for both bath gases. Since the quantum yield should depend only on

the branching ratios of the bimolecular charmcls, the bath gas should have no effect, 1’o explain

this bath gas effect, it has been postulated that the products formed in the bimolecular channels

arc not the result of “direct” reactions, but rather that all reaction channels proceed through one

or more (CIO)2 isomers and subsequently undergo unirnolecular  decomposition to produce the

specified set of products. That k l ,02(300) measured in this study is 38% slower than k] ,NZ(300)

and 27°/0 slower than k 1, Ar(300) may bc an indication that 02 is more actively involved in the

chemistry of the (C10)2 intermediate than simply playing the role of a third body energy

quencher. lrolier  et al.8 measured a k] ,Oz:kl ,N2 ratio of 0.82, and Sander et al.7 measured a ratio

of 0.94 compared to the present result of k 1,Oz:kl ,N2 = 0.62. The two previous studies were

conducted over temperature ranges much colder than 300 K where dimcr formation dominates,

and the bimolecular channels are negligible, and hence may not reflect the possible effect of 02

on the bimolecular channels present in the current room temperature experiments.

The rate coefficient for dimcr formation with C12 as a third body is greatly enhanced

relative to the value expected from vibrational energy transfer arguments. The value of k 1,Clz at

300 K is more than three times greater than k I ,Nz, and is more than twice as large as k 1,srb which

is considered to be a very efficient vibrational energy quencher. k 1,C12(3’)  also displays a unique

temperature dependence with the rate coefficient reaching a minimum at 300 - 310 K and

increasing dramatically at both lower and higher temperatures. “l’he low temperature behavior of

k ~ ,Clz may bc explained by invoking a chapcronc  mechanism in which a C10-C12 intermediate is

formed which facilitates subsequent reaction with CIO,  i.e.

Clo + C12 + CIO-C12 (15)

C1O-CI2 +’ Clo –—> Cloocl  +- C12 (16)

]ndccd,  recent quantum chemical calculations suggest the existence of a weakly bound C10-C12

35 The rapid rise of k] ,CIZspecies. at higher temperature cannot be explained at this time.

Whether this increase is due to an unknown bimolecular reaction between C1O and C12 or the

formation of some stable intermediate is not currently understood.

“l’he presence of an enhanced C1O recombination rate in the presence of C12 may help IO

explain an anomaly observed by Trolier et al.  8 Trolicr C! al. obtained better fits to their falloff

plots by including a temperature-dependent intercept in the zero-pressure limit, This intercept

varied from 6.7 (+7.6/-4.0)  x 10-14 cn~3 molecule-l S-l at 200 K to 2.7 (+ 1.0/-0.9) x 10-14 cn13
-1 -1 at 298 K. They speculated that the intercept might be due to a pressuremolecule s
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independent decomposition pathway of vibrationally  excited C1OOC1 (forming Clz + 02) or to

the influence of multiple potential energy surfaces forming C1OOC1. ‘1’hc results from the

present study indicate that the first suggestion is unlikely since all the product pathways resulting

from decomposition of vibrationally  cxcitcd  C1OOCI proceed over barriers which make the net

reactions very slow at 200 K.

There is another explanation, however, for the intercepts observed by ~’rolicr el al. In

their study, C12 concentrations around 6 x 1016 molecule cm-~ were employed, A mcasurcmcnt

of k 1 for M = C12 was made at 200 K by ‘1’rolicr  et al, and found to bc about 1.1x10-3] cmc

nlolccule-2  S-l from measurements over a Iimitcd range of [C12]. l-his value was used to correct

all their kinetic data, presumably at all temperatures. In contrast, extrapolation of the low

tcmpcraturc k] ,Clz from this study (see 3’able VI) to 200 K gives a value of (7.0 i 3.5) x 10-3’

cm~ nlolccule-2  S-* IJsing this rate constant and the C12 concentrations used by ‘1’rolier et al.,. .

there should have been a pressure-independent contribution to the apparent CIO + C1O + M

association rate constant of about 4 x 10-’4 cmq molecule-1 s-1 at 200 K. “l’his is in good

agreement with their observed value, and implies that Trolier e! al. undercorrected for the

enhanced third-bod y effect of C12, and that this effect accounts for their observed intercept. 1 n

the present study (falloff  data reported in ref. 7), Clz concentrations were about an order of

magnitude smaller which would lead to a negligible intercept in the low temperature data.

C100C1 thermal decomposition. ‘1’here arc no previous direct determinations of the rate

coefficients for CIOOCI thermal decomposition. 7 ‘hc best comparison with previous work is

bctwccn the equilibrium constants calculated from our measurements of k 1 and k-1, and the

20 As shown in Figure  9, over theequilibrium constant measurements of Cox and 1 layman.

temperature range of the present experiments (260 K < T < 310 K) the data sets arc very

consistent. I Iowevcr, Cox and Hay man include several data points in their van’t Hoff plot with

large error bounds at lower temperatures which do not fall precisely on the trend line suggested

by the higher temperature data. As a result, the slope of the line derived from the least-squares

fit to all of the Cox and Hayman  data is significantly smaller than that derived from the data in

this study. The thermodynamic data derived from this work (Al I“f,Cloocl(298) = 30.5 t 0.7 kcal
-1 K-1) differ from the values obtained from Cox andme]-], and SO

cloocl = 72.2 t 1.0 cal mol

Hayman’s  2nd Law analysis (A11°f,clooc1(298)  ‘ 31.3 ~ 0.7 kcal mol-’, and SO

cloocl =- 73.2 i

2.6 cal mol-] K-l)  and result in a stronger calculated 0-0 bond energy for CIOOC1 (18.1 kcal

mol- 1 from this study vs. 17.3 kcal mol- 1 measured prcviousl  y),

Analysis of the dimer decomposition data and calculation of equilibrium constants was

done assuming that the only form of the dimcr produced in the C1O association process wits

chlorine peroxide, C1OOC1. This assumption was based on the results of Birk Cl al. 32 who

quantified the yield of CIOOC1  from the C1O -I CIO reaction using submillimcter absorption
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spectroscopy. l-his conclusion is also reinforced by rcccnt ah inilio calculations. Using the

CCSD(T) method with a large basis set, I.CC et cd.36 calculate that the asymmetric dimcr,

C1OCIO, lies (10.1 t 4.0) kcal mol- 1 above CIOOC1. Because the binding energy of the

asymmetric dimer is considerably less than that of chlorine peroxide, it is not likely that CIOC1O

will produce a measurable contribution in the CIO kinetics. To verify this assumption,

simulations of the time-dcpcndcnt CIO concentration, including and excluding CIOC1O

formation, were performed using the C1O + C1O rate coefficients measured in this study. The

rate coefficient for C1OC1O formation was set equal to the rate coefficient for CIOOCI formation,

and the C1OC1O dissociation rate was calculated assuming the same A-factor as CIC]OCl

dissociation with an activation energy 10 kcal mo]
-1 ]WX than for C1OOCI. l’hc result was no

pcrccptiblc diffcrcncc in CIO concentrations. “l’his would suggest that the asymmetric dimer is

unimportant. 1 lowever, it is necessary to proceed through an asymmetric transition state in order

to form the OCIO product ofrcaction  4. Whether the asymmetric transition state is formed by a

direct process from CIO association or by isomcrization  of chlorine peroxide cannot bc

determined from our data.

Bimolecular channels. Activation cncrgics  dctcrmincd from the individual rate

coefficient expression for each bimolecular channel arc Ea,c12+  ~2 = 3.16 f 0.20 kcal mo] ,-1

l~a,~loo+~l  ‘- 4.87 i 0.89 kcal me]-] and Ea,oclo+c]  =- 2.72 t 0.30 kcal mol”l.  The CIO -I CIO

energy diagram is shown in Figure  13 with all relevant intcrmcdiatc and product channel

energies. The heat of formation of OCIO was calculated from the activation energies of the

forward and reverse of reaction 4. This gave AI 1°f,oc10(298)  = 22.6 f 0.3 kcal mol- 1 which is in

excellent agreement with the current value from the JANAF Table30  of Al 1°f,oc10(298)  = 23.2 t

1,9 kcal rnol-],

“1’hc observed activation energy for the formation of CIOO + Cl (Ila = 4.87 kcal mol-l)  is

the highest of the three bimolecular channels. Iihc reverse reaction has two exothcrmic channels:

Cloo -+ cl~ cl~ + o~ (-3’)

_—____+  Clo + Clo (-3”)

Although reaction -3 has been studied by a number of invest  igators,zu  channel-specific Arrhenius

parameters are not available. At room temperature, k-3t/k-311 is about 20, and the overall rate

constant is independent of temperature. From the currently tabulated cnthalpies  of formation of

Cl, CIO and C1OO and the activation energy for reaction 3 determined in this work, the

activation energy for reaction -3” is predicted to be about (1.8 f 1.5) kcal mole-* (see Figure 13).

This leads to a value for the ratio k-34k-3t!  of 20 (with an uncertainty of a factor of 10), assuming

that reaction -3’ is temperature independent and that the A-factors for reactions -3’ and -3” arc

equal. This is in excellent agreement with the observed branching ratio. The large uncertainty is
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due primarily to the uncertainty in the enthalpy  of formation of CIOO (~. 1 kcal mole-1). The

assumption of near] y equal A-factors for reactions -3’ and -3” is justified by 1 ) calculations of the

relative entropies of activation for the two channels using the known C1OOC1 geometry and an

estimated structure for CICIOO based on matrix studies of C1C1037-39 and 2) analogy with the

reaction

–--—--—>  OH -{ Clo

26 I)ircct studies of the tcmpcraturcfor which the measured A-factors arc within a factor of 2.

dcpcndcncc of reaction -3” would be useful in this regard.

Past experimental studies of the overall rate constant for the bimolecular channels and the

branching ratios have suffered from a number of complications including secondary reactions

which regenerate C1O via channels 3 and 4, and formation and decomposition of C1OOC1 on the

t ime scale of the cxpcrirncnt. In addition, most cxpcrimcntal  systems have relied upoJI

ultraviolet absorption for the detection and measurement of CIO, OC1O, C1OO and C12 in these

experiments. Because the time dependence of [CIO] is governed by a second-order or more

complex rate law, the absolute concentration of C1O radicals must be determined. Problems

associated with the measurement of CIO cross sections, as well as the prcscncc  of intcrfcrins

absorbers have therefore provided additional complications. As a result, the overall rate constant

and branching ratios for the bimolecular channels have remained poorly established.

‘1’he results of previous studies of the bimolecular channels of reaction 1 have been

summarized by Simon e( al.’8  Measured values for the overall rate constant for the bimolecular

c}~annels  at 298 K, k2 + k3 +- k4, range between 0.57 and 11.3 x 10-’4 cms molecule-l s-] with

values of 1.2 and 1.0 x 10-14 cnls molecule-] s-] being recommended by the NASA and IUPAC

data evaluation panels, respectively (DeMorc  et al.,26 Atkinson et d/.42). “J’lIc temperature

dependence of the overall reaction was measured by Porter and Wright3  who found the overall

rate constant to bc independent of temperature over the range 293-433 K, and Clyne  and

Coxon]o who obtained the expression, kob~  = (5.8 t 1.7) x 10-13 exp{- 1250fl’}  cn~3 molecule-]

s-1 over the temperature range 300-450 K.

Branching ratios for the bimolecular components of the C1O + CIO reactions come from

two types of experiments: measurements of quantum yields in the chlorine-photosensitized

decomposition of a source gas such as 03, C120 or OC1O, and time-resolved experiments using

flash photolysis,  discharge-flow or molecular modulation which measure the concentrations of

reactive intermediates such as C1O and C1OO as well as stable products. The results of both

types of experiments will be discussed below.
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Early flash photolysis studies of reaction 1 (Porter and Wright3;  ]ldgccombc  c1 cd.4)

concluded that the CIO -I C]() reaction had only one product channel which formed C12 -t 02 via

the decomposition of a stabilized CIOOC1 intermediate, i.e.,

Clo i Clo 4- --) Cloocl  ------> cl~ + o~

Radical channels were not considered. While Ildgccombc  C( al. observed the formation of OC1O

in the pbotolysis of systems containing C,120, this was ascribed to the reaction

Clo +’ C120 ~ Oclo + C12

rather than to a channel of the C1O +- C1O reaction, lcnson  and Buss40 argued that in order to

account for the long chain lengths observed in photolytic  decompositions of C120 and OCIO, the

self-reaction of C.1O must involve a step which produced atomic chlorine and a ncw spccics,

Cloo:

Clo +- C]o -------+ c] + Clc)o

“1’hcy also suggested that the termination of C1O in the flash photolysis  experiments was duc to

the cxothcrmic back-reaction of these species,

c1 + Cloo --—+ C12 -10.2

In their molecular modulation study, Johnston and co-workcrs13 confirmed the invo]vcmcnt  of

the C1OO radical in this mechanism and concluded that both the Porter et al. and Benson and

‘0 observed emission from C12 (3 H)(v<9) inDuss mechanisms were important. Clync  and Coxon

their discharge-flow experiments and assumed that the Cl +- C1OO reaction was the source,

although later work showing that C1OO is less stable than previously thought casts doubt on this

interpretation. In similar discharge-flow cxpcrimcnts using mass spectroscopic detection at low

12 identified a reaction channel producing OCIO,pressure, Clyne,  McKenney and Watson

obtaining a branching ratio of about 0.05 at 298 K. Several groups have subsequently studied the

C1O + CIO reaction using molecular modulation and have measured branching ratios [k2:k3:k4]

15 [0 50:0.34:0.16],  Burrows and COX’6for all three channels including Cox and IIcrwcnt . .

‘8 [0 34”0 32:0,34].  ‘l’he latter three studies were carried out in[0.35:0,31  :0.34] a n d  S i m o n  et al. . . .-

the presence of high concentrations of 02, which is known from quantum yield

effect on the branching ratios. Prior to this work, tcrnpcrature  dcpcndences

ratios have not been reported.

studies to have an

for the branching
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Information on the bimolecular-branching ratios has also been obtained from quantum

yield studies. Both I,in el al. 19 and Wongdontri-Stupcr  Cl U1.41 measured quantum yields for03

destruction inthephotolysis  of C12. At298K,  both groups  obtained quar~tun~yields  around6in

the presence of N2 buffer gas, implying that k3/k2 = 2. From simultaneous measurements of 0:+

and OC1O, Wongdontri-Stupcr C1 al. obtained branching ratios of 0.34, 0.63 and 0.032 for

reactions 2, 3 and 4, respectively. These values are consistent with the results of I.in et CI1. ~’hc

quantum yield can bc related to the rate constants for reactions 2, 3 and 4 by the expression,

11~3 , _k4

-q). = 2 ] + –- . ..--.2
3 ~2 + .!4

2

From the absolute values of k2, k~ and k4 reported in this study, a value for the quantum yield in

N2 buffer gas of 5.0 i 1.2 may bc calculated using the above expression. ‘l’his is in reasonable

agrccmcnt with the results of 1.in et al. and Woi~gdontri-Stupcr  ct al.

lloth Lin C! al. and Wongdontri-Stupcr c1 al. observed that the quantum yield dccrcased

rapidly with temperature, reaching the limiting value of 2 at temperatures bctwccn  -20° C and 0°

C. As discussed by Watson, this dcpcndcncc  on temperature is too large to bc explained by the

temperature dcpcndences of the clcmcntary  reaction channc]s. With rcccnt  improvements in the

understanding of the stability of chlorine peroxide, it now seems likely that the observed

temperature dependence of the quantum yield is influenced by secondary reactions involvin~:

C1OOC1, i.e.,

Clo +“ Clo -—M–) Cloocl

c1 +“ Cloocl  –----+ C12 + Cloo

C l o o —M-->  cl +- 02

Net: C1O + C1O -----+  C12 + 02

‘1’his mechanism is equivalent to the CIOOC1-catalyzed termination of C1O, a process

cffcctivcly increases k2 and therefore rcduccs  the quantum yield at temperatures below

where C1OOC1 becomes increasingly stable.

which

25° C

Atmospheric implications. Sander et al.7 have discussed the implications of the present

mcasurerncnts of k 1 at low temperatures for ozone destruction in the springtitnc  polar

stratosphere.
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In the nighttime polar vortex in the Southern 1 lcmisphcrc, the atmosphere is frequently

dcnitrified  duc to the condensation ancl sedimentation of polar stratospheric cloud particles.

Under these conditions, the partitioning of active chlorine is dctcrmincd  by the rates of formation

and thermal dccompositicm  of C1OOC1. Values for k. 1 from the present work extrapolated to

stratospheric temperatures arc more than a factor of three smal Icr than those derived from the

work of C.ox and 1 layman. 20 and equilibrium constants for reaction 1 arc correspondingly larger.

The predicted nighttime concentrations of CIO in equilibrium with C1OOC1  will thcrcforc bc

about 40°/0 smaller than the previous kinetic data would suggest. in darkness, however, the

thermal lifetime of CIOOC1 at 50 mb is about 11 days, and under most conditions of polar

atmospheric transport, CIO will not thermally equilibrate with its dimcr before encountcrinpj

sunlight, which dissociates CIOOC1  on a much more rapid time scale.

l’hc kinetic measurements reported here indicate that all the bimolecular channels have

significant activation energies. “1’hcsc reactions can thcrcforc play no mlc in the stratosphere

where the temperatures arc sufficiently low that the tcrmolccular channel always dominates.

summary

Rate constants were measured for bimolecular and tcrmolccular channc]s  of the CIO +

C1O reaction. The following results were obtained:

1. IT”ormafion  and Thermal lkcomposition  qf CIOOCl: ‘1’hc Arrhenius expressions for the

formation and thermal decomposition of CIOOC1 in the low pressure limit (M = N2) were

determined to bc kl(T)  =- (1 .22* 0.15)x 10-33 cxp{(833  i 34)/1’} cmc nlolcculc-2  s-] and k-l(rl’)

= (9.81 i 1.32) x 10-7 exp{-(7980 i 320)/’1’} cn~3 molcculc-l  S-l, respectively. l~rom falloff  data
obtained below 250 K, k] ,W- was determined to bc (6 ~- 2) x 10-]  2 CI113  INOICCUIC”  ] S- ]‘

indcpcndcnt  of temperature. The expression for the C1O-C1OOCI equilibrium constant is Kcq(l’)

‘] “l-his expression was derived from= (1.24+0.18)x  10-27 exp{(8820  i 440)/T} cn13 molecule .

a 3rd 1,aw analysis of the equilibrium constant data. Equilibrium constants from this work

extrapolate to values that are about a factor of three larger than the present NASA

recommendations at polar stratospheric tcmpcraturcs.

2. 7hird-I]ody  Dependencies: The rate coefficients for C1OOC1 formation as a function of bath
32, (1.24 i 0.09) x 10-32, (1.71 :Lgas at 298 K in the low-pressure limit arc (0.99 i 0.05) x 10-

0.06) x 10-32, (2.00 f 0.27) x 10-32, (2.60 ~ 0.1 7)x 10-32, (3.15 f 0.14)  x 10-32 and (6.7 i 3.7) x
-2 -1 for ]]e, 02 , Ar, N2~] ()-32 cn~6 molecule S Cl:d, S17C and C12, rcspcctivcly. The low value for

02 relative to Ar and N2 may indicate that 02 plays a greater role in the formation of CIOOCI

than as a collision partner. The large value for C12 as a third body is attributed to a chapcronc

mechanism in which a C10-C12 intermediate catalyzes the formation of CIOOCI. ‘l’his effect
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may bc responsible for the non-zero intercept observed by l’rolicr et al. at low temperatures in

the low-pressure limit.

. ,  Bimolecular  Reaction  Channe[.v:-3 Rate coefficients for the bimolecular channels arc

kcx2+O$”J’)  ‘- (1 .013- 0.12)X 10-12 Cxp{-(1 S90 f 1 oo)/T}cnl~  molecule‘1 S-l, kcloolcl(’l’)  = (2.98

i 0.68) X 10-’ ] exp{-(2450  i. 450)/’1’} Cl113 lI1OICCU]C-l  S-l and koclo.lcl(l’)  == (3.50 fl 0.31) x 10-

‘1 s-’, ‘1’hc room temperature branching ratio is kclz+  OZ :‘3 Cxp{-(1 370 i 150)/T}cn13 molecule

kCl{)o+ cl : koClo+  cl = 0.29:0.50:0.21 and the value for the overall rate constant (kClz+ OZ -t

kcloo+  cl + koclo+cl)  at 298 K is (1 .642 0.35)x 10-14 cnl~ nlolcculc-l S-l.

4. 7krnlochenlistry:  Ilnthalpies  of formation for CIOOC1 and OCIO were calculated to be A

11°f,ClooCl(298)  == 30.5 t 0.7 kcal mol- 1 and A11°foClo(298)  =- 22.6 i 0,3 kcal n~ol-l.
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I
1 TabIe I. Summary of reactions used in fitting of data to the reaction mechanism.

~
Reaction Rate coefficient Experimental conditions

I
I Xs C1’20 Xs CI XS C120

Temp = 195-250 250-400 250-400

initiation: c1 + C120 —~ Clo ‘ CI’2

M
termolecular  channel: C1O 4 C1O —————+ C1OOCI

M
Cloocl  ~ CIO L C1O

bimolecular channels: C1O’ CIO —~ C12 A 02

Clo  + Clo — - , CIOO 4 c1

Cloo  ‘ CI ——, C4 A o~

—~ CIO ‘ Clo

Clo ‘ Clc) ——> OCIO  L CI

Oclo  ‘ CI ——, Clo -’- CIO

k5=9.9x10-11~ ■

kla ■

k-l =6.3x 10 ‘6 {T/300} ‘3”6 exp{-8450/T}~  ❑

k 2

a
❑

k3a ❑

k’-~ = 1 . 4 X  lo-*Ob ❑

k“-~ = S.0 X 10-*2b ❑

kda El

k-4=3.4x  10-1~  exp{160/T}b •1

■

9

❑

•1

c!

❑



Table I (con ‘f.).

Reaction Rate coefficient Experimental conditions

Xs C120 Xs c1 Xs C120

Temp = 195-250 250-400 250-400

secondary chemistry: CIOOC1  ~ Cl —~ CIOO 4 C12 k~= I.OX 10-10~ ❑ ■ •1
M

C I 4 0 2~ CIOO k7 = 2.7 X 10-33 {T/300 }-1”5h ❑ ■ ❑

M
Cloo ~ c1 L 02 k-7 = 4 . 7 x  1 0-9 {T/300} -*5 exp{-2500/T}h  •l

cl ‘ Clo =>

■ ❑

C1’20 kg= 6 X 10-32d ❑ ■ ❑

M
cl 4 c1~ C12 kg=  7.5 x 10-34 exp{906/T}c ❑ ■ ❑

mass transport: C1O. C1OOCI, etc. —~ Ieave cell Tflo\v  = 0.01 -0.1 ❑ ■ m

a) determined in fitting procedure.
b) from reference 26.
c) from reference 36.
d) estimated using Tree’s method (see text).
e) ■ indicates reaction used in fitting routine--El indicates reaction not used in fitting routine.



Table  II. Summary of conditions for each set of cxpcrimcnts  and absorption cross sections.

l’cmpcraturc [cl~o] [ci2] [;1] [M]
(K) (cnls nlOleculc-l) (cn13 molecule-’ )  (cn13 molcculc-  ] ) (cn~3 *NOjeCU]~-l  )

I{XC(?SS  C120:

195-250 1.0- 1.5x1015 2. O-5. OX1O15 2. O-5.  Oxl Ol~ 1-30 XIO]8

Excess cl:

250-400 4 - 8 x  1 0] 3 5-18x  IO]6 2 - 7 x 1 0 1 4 0:5 -6x1018

Excess C120:

250-400 1.0- I.5XIO]5 1.0- 1.2X1016 4. O-5.OX 1013 0.5 -22x1018

Absorption cross sections at 275.5 nm (298 K):

CJClo = 8.4 x 10-] 8 cn~2 molecule-] o(’I’) == cJ(298){l.01  1 - 104.9~1’  -i 30330/’1’2}

~clzo = 1.24 X 10-]8 C1112 lllOICCU]C-l

Ocloocl  = 2.45 x 10-18 cn~2 molecule-]

– 2.19 x 10-20 cn12  molecule-]f3c12  –



Table 111. Sumtnary of experimental rate coefficients, k 1, as a function of N2 concentration
under conditions of excess C120 and T <250  K, and results of fits to ‘l’roe’s fall-off expression.a

‘1’cmp. 10-]8 x~N2] 1013xkl 1 032 
X kob ]012x&c

(K) (molecule cnl-3) (cn13 molcculc-  1 s-1) (crn6 nIOlCCUlC-2 s- ] ) (cn13 molcculc-’  s- ] )

208

220

_—. —.- . .——.  -——. .—

195 1.00
1.25
1.67
2.50
2.62
3.00
4,23
5.00
6.94

10.0
11.3
18.2

1,00
1.62
2.65
4.27
6.98

11.4
18.4
30,0

1,00
1.61
2,65
3.00
4.28
6.91

11.4
18.4
30.0

—

6.6

5,3

7

0.81 8.8 3.8
0.94
1.22
1,70
1.75
1.88
2.51
2.94
3.72
4,80
5.59
7.77

0.67
0.96
1.58
2.28
2.98
4,72
8.22

11,2

0.48
0.75
1.29
1.36
1.90
2.72
3,87
5.85
9.64

6

35



Table 111 (coil ‘t.).

~’cmp. 10-18 X[NZ]

(K) (molecule cm-3)
.——. ——. —

233 1.00

247

1.62
2.65
4.28
6.98

11.4
18.4
30.1

1.00
1.62
2.65
3.00
4.28
6,98

11.5
18.4
30.0

1013xk1 1032 X k. 1 012 x km

(cn13 molecule-l s-l) (cn16 molecule-2 s-l) (cn13 rnolcculc-l  S-l)

.—

0.43 4.6 5
0.68
1.01
1.58
2.45
3.49
5.05
7.96

0.31
0.53
0.80
1.04
1.48
2.13
3.15
5.00
6.73

3.7 7

.

a)

b)

c)

The fall-off equation is given by:28

kOIM] 2 -1
k([M],T)  = ~ ,ko[M1 ~;jI+-[loglo(kOIM]  /k~)] }

k.

k. was determined by fitting the data at each tcmpcraturc  to the fall-off equation. F’itting

ko(l’) to the expression, ko(l) = k.300 (T/300)-n yielded k.300 = (1.8 j: ().5)x 10-32 C1116

nlolcculc-2  S-l and n = 3.6 * 1.0.
km was determined by fitting the data at

k~(T) to the expression, k~(l-) = k~300

molecule-l S-l and m = 0,0 * 1.0.

each tcmpcraturc  to the fall-off equation. Fitting

(1’/300) -”1 yielded ku,300 = (6,() + 2.()) x ]()-12 cm~
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‘J’able IV. Summary of CIOOC1  formation rate coefficient data with N2 as a bath gas.

“]’cmpcraturc 1032xk,

(K) (cmb molecule”] s-])

195

208

220

233

247

260

270

280

290

300

310

330

350

360

370

380

390

8.8 ~ ].8

6.6 f 1.3

5.3 fl.l
4.6 ~ ().9

3.7 + 0.7

2.60 ~. 0.70

2.48 t 0.23

2.38 f 0.33

2.23 f 0.14

2.07 t 0.27

1.75 fo.lo

1 ,59* 0.09

1,38 i 0.03

1.24 ~- 0.24

1.13 f0.22

1.09 i 0.22

0.99 t 0.49
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l’able V. Summary of bimolecular rate coefficient data as a function of [C12] under excess
chlorine atom conditions.

q’cmperature 1 0 -16 x [cl~]

(K) (molecule cnl-~)

270 5.15
5.80
7.61
9.94

14.56

5.09
5.86
7.47
9.82

12.63
14.80
14.81

5.11
7.55
9.95

12.41
14.75

5.00
7.24
9.78

14.52
17.17

5.13
7.56
9.96

14.57
17.83

5.17
7.62

10.05
12.53

280

290

300

310

330

1.02 i 0.70

0.90 t 0.82

1.66 t 0.42

1.92 j. 0,27

3.48 ~ 0.20

1 014 
X (k2 + k3 + kl’[C12]) 1 014 x(k2+k3)

(CI113 nlolccule-l  s-’) (cn13 molecule-] s-])

_—— —. —.

1.68 0.44 f 1.34
1.96
2.05
1.74
3.95

1.65
1.78
1.90
2.41
1.96
3.19
2.83

1.88
1.82
2.05
2.35
3.30

1,94
2.03
2.59
2.55
2.79

2.48
2.43
2.81
3.12
3.53

3.87
4.14
4.36
4.48
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Table v (cm ‘1.).

.—— ——— ———

10-]6 x [cl~] 10ITX (k; i k~ + kl’[CHz])l’emperature 1 014 
X (kz+ k~)

(K) (molecule cnl-3) (crns molecule” 1 S-l) (cm3 molecule-] S-l)
-.———— —

350 5.22 4.38 3.993.0.39
7.63 4.80

10.08 4.98
12.53 5.31
14,63 5.24

360

370

380

390

5.07 4.90
7.52 4.94

14.53 5.61

4.43 f 0.32

6.04 5.49
8.99 5.99

11.34 6.43
13.53 7.58
14.95 6.84

4.28 i 1.38

5.11 6.46
7.51 6.67

10.03 6.84
12.36 7,29
15.13 8.32

5.36 f 0.81

5.04 9.13
7.55 9.72

10.17 12.97
12.53 11.54
15.43 12.84

7.59 t 2.96



Table VI. Summary of kl for different bath gases obtained under excess Cl conditions.

.——. —. ——— ——— ——— — .—— —-—.
Bath Gas l’emp, 1 032 

X k ]

(cnlb nloleculc-2  s- ] )

-—

He

02

Ar

N 2

CF4

SFC

C12

———- ——

(K)

-. .—
300

300

300

300

300

300

260

270

280

290

300

310

330

350

360

370

380

390

_——

0.99 f 0.05

1.24 f 0.09

1.71 ~ 0.06

1.96 i 0.24

2,60 f 0.17

3,15 io.14

15.9 f 7.7

21.3 i14.4

12.2 i 6.5

13.9 +8,9

6.7 i 3.6

8.6 i 2.3

8.3 f 2.1

9.5 * 3.7

8.0 f 3,2

19i9t  12.1

17.5 f 7.6

36.0 f 27.5
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Table VII. Summary of CIO + CIO + C12 + 02 and CIO + C1O -+ OC1O + Cl rate coefficient
data obtained under excess C120 conditions.

10]5x(k2i  %k4)b
. ..— ——. .—

Temp. @xk2~ IOlsxkoa 10]5x(k2+  %kQ)a

( K )  (cn~3nlolecule-l  s-1) (cn13nlolccule- ls-l) (cn~3rnolccule- is-1) (cn13nlo]ccule-]  s-1)

300 5.19 t0.24

310 6.06 f: 0.27

320 6.59 f 0.08

330 8.09 f 0.20

340 9,28 i 0.40

350 10.70 i 0.36

360 12.19+0.27

370 13.88 i0.61

380 15.50 i 0.73

3.29 + 0,09

4.43 ~: 0.31

5.15 t0.28

5.56 f 0.18

6.25 i 0,47

6.97 f 0.31

7.70 + 0.40

8.62 f. 0.58

9.22 t 0.53

6.84

8.27

9.16

10.87

12.40

14.18

16.04

18.19

20.11

---

---

---

---

11.53 + 0.20
---

---

19.13 io,73
---

a) determined from OC1O formation data.
b) determined from C1O loss data,



Table  VIII. Summary of C1OOCI decomposition rate coefficient and equilibrium constant data.

..— _.— —.

Temperature 1 020 xk.1 ]()-5XKP

(K) (cn13 molecule-’ s-]) (atm- 1 )

—.

260 3.96 f 0.84 213.5 i47.9

270 11.5 f 2.30 62.84 + 13.25

280 38.2 f 2.47 16.32 i 1.08

290 130.3 t 12,0 4,171 i 0.394

300 304.4 * 20.6 1.568 f 0.109

310 823.5 f 101.2 0.513 i 0.065

—-———



Figure  Captions

Figure 1. Time-dependent absorption signal under

measured with a PMT at 275.5 nm. (a) Signal

conditions of excess chlorine atoms

fit to the entire reaction mechanism

including dirner decomposition, secondary chlorine chemistry and flow through the

cell. (b) Signal fit to a simple second order mechanism. The difference between the

full mechanism and the second order mechanism fits is slight, but can been seen in

the greater variation of the residuals of the second order fit from the experimental

data. The difference in the calculated ktot between the two fits is 15%.

~:iwre 2. ktot  (= kl D%] -+ kz +- kq) versus N2 CoJlcentration as a f u n c t i o n  o f  Ci2

concentration at 1’ = 350 K, [C12] == 5.22 x 1016 molecule cnl-s (B), 7.63 x 10]6

molecule cnl-3 (f 1), 10.08 x 10]6 molecule cm-3 (A), 12.53 x 1016 molecule cm-3 (A)

and 14.63 x 1016 molecule cm-3 (.). Slopes give k ] ,Nz, and y-intercepts give (k2 +

ks +- h,c12[W).

l~igure  3. y-intercepts of Figure 2 versus C12 concentration. The slope gives k] ,C12,  and

the y-intercept gives (k2 -F k3).

Figure 4. (a) Arrhenius plot  of k] ,Nz. Open points (0) were measured under conditions

of excess C120. Solid points (.) were measured under conditions of excess chlorine

atoms. Resulting rate constant expression is k*,Nz(T)  = (1 .22 t O, 15) x 10-33

exp{(833  i 34)/T} cm6 molecule-2 S-l. (b) plot of ln[kl,Nz] vs. ln[T/300].  linear fit

resulted ink] ,NZ(T) = (2.07 * 0.09)x 10-32 {T/300 }-3001 i 020 cm6 nlolecule-2  s-’.

Figure 5. Arrhenius plots of bimolecular rate constants. Fits yielded (k2 -1 k3)(T) = (1 .78

io,38)X ]()-11 exp{-(2150 * 450)iT} crn3 molecule-l S-l (~), k2(T) = (1 .01 i 0.12) x

10-12 exp{-(1590 ~ 100)/T} cm3 molecule-l S-* (.) and k4(T) = (3.50 ~ 0.31) x 10-12

exp{-(1 370 t 150)/T} cm3 molecule -] S-l (A).

Figure 6. ktot (= kl [M] + k2 + k3) as a function of bath gas at 298 K. M = I Ie (.), 02

(~)), Ar (=), N2 (r]), CF4 (A) and SF6 (~).  Slopes yield k] ,M (see Table VI).
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Figure 7, Time-dependent OC1O concentration under conditions of excess C120

rncasurcd  with an OMA. Each point on the OC1O curve is the result of fitting a 1024

point spectrum recorded by the OMA to a calibrated OC1O spectrum. Residuals

indicate difference between measured [OCIO] and that calculated in the analysis

procedure. Inset plot shows an example fit of an experimental spectrum to a

calibrated spectrum,

Figure 8. Time-dependent CIO concentration under conditions of excess C120 measured

with an OMA. Each point on the C1O curve is the result of fitting a 200 point

spectrum recorded by the OMA to a calibrated C1O spectrum. Residuals indicate

difference between measured [C1O] and that calculated in the analysis procedure.

Inset plot shows an example fit of an experimental spectrum to a calibrated spectrum.

Figure 9. C1O-CIOOCI van’t Hoff plot. (0) are the data determined in this study, and

(~) arc the data of Cox and Hayrnan, 20 The solid line indicates the 3rd Law fit to the

data, and has a slope of9100 K. ‘1’hc dashed line is the 2nd Law analysis of the data

and has a slope of 9820 K and a y-intercept of -20.8. The dash-dot line is the 2nd

Law fit reported by Cox and Hayman and has a slope of 8710 K and a y-intercept of -

17.3.

l~igurc  10, Sensitivity plot for the determination of ktot. The abscissa indicates rate

coefficients of the reaction mechanism which were held fixed in the fitting procedure

when determining ktot. Values in parentheses indicate the uncertainty in the

canonical value of each rate coefficient. The ordinate indicates the percent change in

the calculated value of ktot when each rate coefficient is changed by the uncertainty

factor. Filled bars show the change when rate coefficients are varied by +uncertainty

factors, and open bars show the change when rate coefficients are varied by -

uncertain y factors.

Figure 11. Sensitivity plot for the determination of bimolecular rate coefficients under

conditions of excess C120. The left panel indicates the sensitivity in the
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determination of k?, and right panel indicates the sensitivity in the determination of

k~. (See Figure 10 caption for an explanation of plot.)

Figure 12. Sensitivity plot for the determination of the rate coefficient of CIOOCI

dissociation. (See Figure 10 caption for an explanation of plot,)

Figure 13. CIO -t C1O energy diagram. Energy is given in units of kcal me]- 1.

Enthalpies of C1OOCI and OC1O and activation energies for the three bimolecular

channels were determined in this study. Enthalpies  of formation for CIO, 02(
] A) and

C12(311)  were taken from ref. 30. The enthalpy  of formation for CIOO was taken

from ref. 26,
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